We study the potential of the CNGS beam in constraining the parameter space of a model with three active plus one sterile neutrino such as to explain the LSND results. We perform our analysis using the OPERA detector as a reference (our analysis can be upgraded including a detailed simulation of the ICARUS detector). We point out that the best channel to look for sterile neutrinos at the CNGS beam is ν µ → ν τ , that is precisely the main signal for which both OPERA and ICARUS have been designed. We also analyse ν µ → ν e oscillations. We take advantage of the expected efficiencies and backgrounds for these signals and evaluate the OPERA potential to look for sterile neutrinos. Combination of data from both channels permit to cover almost all of the allowed CP-conserving 3+1 neutrino model parameter space. 
Introduction
The results of atmospheric, solar, accelerator and reactor neutrino experiments [1, 2, 3] show that flavour mixing occurs not only in the hadronic sector, as it has been known for long, but in the leptonic sector as well. The full understanding of the leptonic mixing matrix constitutes, together with the discrimination of the Dirac/Majorana character of neutrinos and with the measurement of their absolute mass scale, the main neutrino-physics goal for the next decade.
The experimental results point to two very distinct mass differences, ∆m On the other hand, only two out of the four parameters of the three-family leptonic mixing matrix U P M N S [4] are known: θ 12 ≈ 34
• and θ 23 ≈ 42
• − 43
• [5, 6] . The other two parameters, θ 13 and δ, are still unknown: for the mixing angle θ 13 direct searches at reactors [7] and three-family global analysis of the experimental data give the upper bound θ 13 ≤ 11.5
• , whereas for the leptonic CP-violating phase δ we have no information whatsoever.
The LSND data [8] , on the other hand, would indicate aν µ →ν e oscillation with a third, very distinct, neutrino mass difference: ∆m 2 LSN D ∼ 0.3−6 eV 2 . Three massive neutrinos can not explain all the present experimental results, as it has been shown with detailed calculations in [9] . To explain the whole ensemble of data at least four different light neutrino species are needed. The new light neutrino must be sterile [10] , since it must be an electroweak singlet to comply with the strong bounds on the Z 0 invisible decay width [11, 12] . When four neutrinos are considered, two very different classes of mass spectra are possible: three almost degenerate (mainly active) neutrinos, accounting for the solar and atmospheric oscillations, separated from the fourth one (mainly sterile) by the large LSND mass difference, ∆m 2 LSN D ; or, two almost degenerate neutrino pairs, accounting respectively for the solar and atmospheric oscillations, separated by the LSND mass gap. These possibilities are commonly known as the 3+1 and 2+2 schemes, respectively (see Fig. 1 ).
short-baseline experiments and LSND data, however, exclude the 2+2 four-neutrino model as a possible solution of the LSND puzzle and strongly constrain the 3+1 fourneutrino model, leaving a tiny region with ∆m that is still marginally allowed. Generically speaking, the global analysis indicates that a single sterile neutrino state is not enough to reconcile LSND with the other experiments. For this reason, to improve the statistical compatibility between the LSND results and the rest of the oscillation data, models with two sterile neutrino states has been tested (see, for example, Ref. [14] and refs. therein). Although a slightly better global fit is achieved, a strong tension between the LSND data and the results from atmospheric and short-baseline experiments exists.
It must be stressed that the LSND evidence has not been confirmed by other experiments so far, and thus the tension between LSND and other experiments can be just pointing out to some problem in the LSND data set. However, the MiniBooNE experiment [15] should be able to test the LSND result in the very near future. Depending on the results of MiniBooNE, the LSND data will become statistically more relevant in the global fit, or otherwise they will be ruled out. In the former case, a new puzzling scenario will arise in neutrino physics and in cosmology.
Aside of MiniBooNE, new neutrino experiments are currently running that can investigate the LSND region of the parameter space: OPERA ( [16] and references therein) will start data taking with the lead-emulsion target in 2007 and ICARUS-T600 ( [17] and references therein) in 2008. The CNGS beam has been built to test the (supposedly) dominant oscillation in atmospheric neutrino data, namely ν µ → ν τ . In order to make possible τ production through CC interactions, the mean neutrino energy is much above the atmospheric oscillation peak for the CERN to Gran Sasso baseline, . Both detectors have been especially designed to look for τ 's produced through ν µ → ν τ oscillation and to minimize the corresponding backgrounds. The typical expected number of τ events, after signal selection, expected in an experiment such as OPERA after five years of data taking with the nominal CNGS luminosity is O(10) events with O(1) background event.
At this distance and energy, neutrino oscillations mediated by an O(1) eV 2 mass difference will appear as a constant term in the oscillation probability. This term, however, is not negligible: depending on the particular values of the active-sterile mixing angles, the expected number of τ events at OPERA under the same assumptions as before can become as large as O(100) events. It is clear, therefore, that we can think of using OPERA and ICARUS at the CNGS beam to test the LSND results independently of MiniBooNE or, in case of a positive result by this experiment, to measure the parameters of the active-sterile mixing sector of the mixing matrix.
In this paper we explore in detail the 3+1 four-neutrino model at the CNGS beam. Although this model is disfavoured as a solution of the LSND puzzle, it is worthwhile to study it in an environment completely different from the LSND setup. The model itself is, by first principle, unfalsifiable: for small enough mixing between active and sterile neutrinos, it is always possible to add new states without any significant modification of the fits to the data. Moreover, the model is easily generalizable adding new sterile neutrino states and it can be used as a basis for models with three active neutrinos plus two or more light sterile states. It is interesting to point out that, even in the case of a negative result at MiniBooNE that would falsify LSND, extensions of the Standard Model with extra "sterile" states strongly decoupled from active neutrinos (such as in extra-dimensions models with a right-handed neutrino in the bulk) can be constrained further by the CNGS.
We will make use of both the ν µ → ν τ channel, that is extremely promising as a "sterile neutrino" smoking gun, as it has been commented elsewhere (see, for example, [18, 19] and refs. therein), and the ν µ → ν e channel. Notice that at this channel, enhanced ν µ → ν τ oscillation will introduce an enhancement in the background from τ → e that must be properly taken into account. We concentrate our analysis on the OPERA detector, but we stress that the same analysis could be performed at ICARUS, as well.
The paper is organized as follows: in Sect. 2 we briefly recall the present status of the 3+1 scheme (Sect. 2); in Sect. 3 we introduce our parametrization of the mixing matrix and compute the oscillation probabilities in the atmospheric regime; in Sect. 4 we review the present bounds on the active-sterile mixing angles; in Sect. 5 we recall the most relevant parameters of CNGS; in Sect. 6 we study theoretically the expectations of the ν µ → ν τ (Sect. 6.1) and ν µ → ν e (Sect. 6.2) channels at the CNGS; in Sect. 7 we present our results using these channels at the OPERA detector at the CNGS beam; and eventually in Sect. 8 we draw our conclusions.
Status of the 2+and 3+1 schemes
Results from atmospheric and solar neutrino data imply that in both kind of experiments oscillation take place (at least, dominantly) between active neutrinos. Models such the 2+2 one and its possible extensions with more than one sterile neutrino are, therefore, strongly disfavoured [20] .
To understand why, define the parameters:
where α denotes the flavour basis and i and j run over mass eigenstates involved in solar and atmospheric oscillations, respectively. The quantities η α and (1 − d α ) represent the fraction of ν α that do participate in solar and atmospheric oscillation. Adding the data from the SNO-salt phase [21] , the KamLAND data [3] , and the latest Super-K data on atmospheric neutrinos [22] , the tension in the data become so strong that (2+2) neutrino schemes are ruled out. This can be seen in the middle panel of Fig. 2 from Ref. [6] , where we see that the exclusion curves from the analyses solar+KamLAND data and atmospheric+LBL data are in strong disagreement, and only overlap at χ2 P C = 20 (i.e., at the 4.5σ level). A statistical analysis using the parameter goodness of fit (PG) proposed in Ref. [23] gives rejects the (2+2) scheme at 5.4σ.
The 3+1 scheme is in a slightly better shape. It has been known for long [26, 27, 28, 29, 30, 31, 32] that (3+1) mass schemes are disfavoured by the comparison of SBL disappearance data [33, 34, 35, 36] with the LSND result. In (3+1) schemes, the relation sin 2 2θ LSN D = 4 d e d µ holds. Since the parameters d e and d µ , defined above, are strongly constrained by ν e and ν µ disappearance experiments with no evidence for oscillations (NEV), there is a double suppression of the LSND amplitude. In Ref. [30] it was realized that the updown asymmetry observed in atmospheric µ events leads to an additional constraint on d µ . The ∆χ 2 (d µ ) from the fit to atmospheric+LBL [24, 25] data is shown in Fig. 2 (right). The present bound on d µ gives d µ ≤ 0.065 at 99% CL. A small d µ means that sterile states are only marginally involved in atmospheric transitions, as it is for a small η s in solar transitions.
In Fig. 3 , the upper bound on the LSND oscillation amplitude sin 2 2θ LSN D from the combined analysis of NEV experiments and atmospheric neutrino data from Ref. [13] is shown. This figure illustrates that the strong bound on d µ is mostly relevant for low values of ∆m 2 LSN D . In particular, the previously allowed region with ∆m
is no longer available when new atmospheric data are taken into account. On more general ground, we see that the bound is incompatible with the signal observed in LSND at the 95% CL. Only marginal overlap regions exist between the bound and global LSND data if both are taken at 99% CL. Using only the decay-at-rest LSND data sample [37] the disagreement is even more severe. These results show that (3+1) schemes are strongly disfavoured by SBL disappearance data.
For this reason, additional sterile states have been considered to get a better agreement LSN D using the ∆χ 2 for 1 dof. The dotted line corresponds to the bound at 99% CL without K2K and using one-dimensional atmospheric fluxes. Also shown are the regions allowed at 99% CL (2 dof's) from global LSND data [8] and decay-at-rest (DAR) LSND data [37] . From Ref. [13] .
with experimental data. Such is the case of 3+2 models, a smooth extensions of 3+1 ones. A quite interesting scenario is, in our opinion, that in which three right-handed Majorana neutrinos are added to the three weakly interacting ones. If the Majorana mass term M is O(eV), 3+3 light Majorana neutrinos are present at low-energy [38, 39] .
Oscillation probabilities in the atmospheric regime
In "standard" four-neutrino models, new sterile states are added to the three neutrino that are weakly interacting. Mixing occurs between all of the neutrino states (i.e. active and sterile ones), and thus the mixing matrix is a general n × n unitary matrix [4] , U P M N S . For n = 4, the PMNS matrix contains six independent rotation angles θ ij and three (if neutrinos are Dirac fermions) or six (if neutrinos are Majorana fermions) phases δ i . In oscillation experiments, only the so-called "Dirac phases" can be measured, the effect of the "Majorana phases" being suppressed by factors of m ν /E ν . The Majorana or Dirac nature of neutrinos can thus be tested only in ∆L = 2 transitions such as neutrino-less double β-decay [40] or lepton number violating decays [11] . Notice that, in the case of low-energy Majorana right neutrinos [38, 39] , the parameter space would be much more constrained.
In the following analysis, with no loss in generality, we will restrict ourselves to the case of 4 Dirac-type neutrinos only. This large parameter space (6 angles and 3 phases, to be compared with the standard three-family mixing case of 3 angles and 1 phase) is actually reduced to a smaller subspace whenever some of the mass differences become negligible. Consider the measured hierarchy in the mass differences in a 3+1 model,
A generic rotation in a four dimensional space can be obtained by performing six different rotations U ij in the (i − j) plane, resulting in plenty of different parametrizations of the mixing matrix. Several of these parametrizations allow considerable simplifications in specific cases. For example, in Refs. [42, 43] it was shown how the one-mass dominance (∆ sol , ∆ atm → 0, where ∆ = ∆m 2 L/4E [41] ) and two-mass dominance (∆ sol → 0) approximations can be implemented in a transparent way (in the sense that only the physical parameters appear in the CP-conserving and CP-violating oscillation probabilities). One of the convenient parametrization of the mixing matrix is that in which the rotation matrices corresponding to the most degenerate pairs of eigenstates are located at the extreme right. If the eigenstates i and j are degenerate and the matrix U ij is the rightmost one, the corresponding angle θ ij automatically disappears from the oscillation probabilities, and the parameter space gets reduced to the truly observable angles and phases. If a different ordering of the rotation matrices is taken, no angle disappears from the oscillation formulae, and a parameter redefinition would be necessary to reduce the parameter space to the observable sector.
In the 3+1 scheme we will use the following parametrization:
The analytical expressions for the oscillation probabilities in the 3+1 model in the one-mass dominance approximation for the parametrization adopted here have been presented in Ref. [18] . In this paper, however, we are interested in a different regime: at the CNGS beam atmospheric oscillations are large, whether LSND oscillations are extremely fast and can be averaged. 
where c ij = cos θ ij and s ij = sin θ ij .
Notice that all of the transition probabilities start with an energy-independent term and are, therefore, non-vanishing for L = 0, a result of our assumption that oscillations over LSND L/E are averaged. For larger distances, an oscillating term with ∆ atm frequency arise, as it should be for the CNGS beam for a detector located at the Gran Sasso site.
Due to the approximations and simplifications adopted, only the CP-phase δ 3 appears in P αβ . In our parametrization, see eq. (3), δ 1 and δ 2 disappear because of the conditions ∆ sol → 0 and θ 13 = 0, respectively. It is interesting to observe that in the transition P eµ both the energy-independent and the ∆m 2 23 terms are linear in sin 2 θ 14 , which means that an increase in the number of events is expected when θ 14 increases. This is true also for the CP-violating term, that is proportional to one of the 3+1 scheme Jarlskog invariants, s 14 s 24 s 34 sin δ 3 . On the other hand, the θ 24 dependence is quite complicated, due to the minus sign in the term depending on the atmospheric mass difference. Then, even increasing the value of this angle, it is not obvious that the probability increases. We also stress that, for θ 14 = 0, this probability is symmetric around θ 24 = 45
• .
Notice also that both P µτ and P µµ do not depend on θ 14 at all in vacuum 1 , and this feature is maintained also when we restore non-vanishing θ 13 and non-maximal θ 23 . This is an interesting property of the transition probabilities, since it allows a reduction of the parameter space that can be explored using these channels. In particular, P µτ completely vanishes for θ 34 = π/2. This channel is, therefore, quite useful to study small values of this angle. Eventually, we observe that 1 − P ee vanishes for vanishing θ 14 .
Experimental bounds on the mixing angles
The CHOOZ and Bugey experiments [7, 36] give strong upper limit to the ν e → ν e disappearance two-family effective mixing angles. In two families,
with sin 2 (2θ) ee ≤ 0.2 in the LSND-allowed region. On the other hand, the positive result from LSND gives a lower limit on the ν e → ν µ two-family effective mixing angle,
with 10 −3 ≤ sin 2 (2θ) LSN D ≤ 1. These bounds, together with the negative results from Karmen2 [33] and previous experiments such as CDHS and CCFR [34, 35] , constrain the 3+1 model parameter space. Following the analysis of Ref. [13] , we get:
with d e = |U e4 | 2 and d µ = |U µ4 | 2 . At 99 % CL we have:
In our parametrization, the relevant matrix elements are:
and, therefore, 
We stress again that, when atmospheric data are taken into account, the region with ∆m The second relation implies a strong correlation between θ 24 and θ 34 , allowing values of θ 34 in the range:
Eq. (11), on the other hand, put a bound on a combination of the three angles θ i4 that cannot be factorized. We show in Fig. 4 a plot of the θ i4 angles allowed at 99% CL. Data are shown in the (θ 24 , θ 34 ) plane for different values of θ 14 and vanishing CP-violating phases. As it can be seen, only a very small region of the parameter space is allowed when combining null-results from SBL, atmospheric data and the LSND result. The less constrained angle is θ 14 .
A positive result by MiniBooNE would increase the statistical significance of the allowed region (if the MiniBooNE data add to the LSND ones). On the other hand, in case of a negative result of MiniBooNE, only eq. (10) holds. The bound coming from this relation is represented by the solid line in the (θ 24 , θ 34 ) plane. All values of θ 24 and θ 34 above this line are allowed in this case. In the rest of the paper, we will focus on the physics potential of the CNGS beam to cover the allowed parameter space in the θ 14 sector and to measure the active-sterile mixing angles, independently from the MiniBooNE results.
The CNGS facility
The CNGS is a conventional neutrino beam in which neutrinos are produced by the decay of secondary pions and kaons, obtained from collisions of 400 GeV protons from the CERN-SPS into a graphite target. The resulting neutrinos are aimed to the underground Gran Sasso Laboratory (LNGS), located at 730 Km from CERN. This facility provided the first neutrinos in August 2006 [16] . Differently from other long baseline experiments, the neutrinos from CNGS can be exploited to search in a direct manner for ν µ → ν τ oscillations, since they have a mean energy well beyond the kinematic threshold for τ production. Moreover, the prompt ν τ contamination (mainly from D s decays) is negligible. The expected ν e contamination is also relatively small compared to the dominant ν µ component, thus allowing for the search of sub-dominant ν µ → ν e oscillations through an excess of ν e CC events.
The energy spectra of the CNGS neutrino beam are shown (in arbitrary units) in Fig. 5 [44] . In the present paper we assume the nominal intensity for the CNGS, corresponding to 4.5 × 10 19 pot/year. OPERA has been designed to search for τ appearance through identification of the ν τ CC interaction on an event-by-event basis. In particular, τ 's are tagged identifying explicitly their decay kink through high resolution nuclear emulsions interleaved with lead sheets. For this detector, we can take advantage of the detailed studies of the ν µ → ν τ signal (see Ref. [45] ) and of the ν µ → ν e signal (see Ref. [46] ).
The total non-oscillated CC event rates for a 1 Kton lead target with a neutrino flux normalized to 10 19 pot are shown in Tab. 1 and are evaluated according to
in which φ να is the flux of the neutrino flavour ν α and σ να the corresponding cross section on lead. 6 Appearance channels at the CNGS As it was shown in Ref. [18] - [19] , if sterile neutrinos compatible with the LSND measurement exist, the ν µ → ν τ appearance channel is the best place where to look for them. Indeed, the LSND bound on sin 2 2θ µe introduces a hierarchy in the statistical significance of the appearance channels ν µ → ν e and ν µ → ν τ at LSND distances. From eqs. (5), in the limit ∆ sol , ∆ atm → 0, we get: 
For values of θ 24 and θ 34 compatibles with the LSND measurement (see Fig. 4 ), P µτ dominates over P µe in most of the allowed parameter space. Only for very large values of θ 14 the latter probability starts to dominate. This is also true at the CNGS, as it can be seen in Fig. 6 , where both oscillation probabilities are shown for ∆m 
ν µ → ν τ oscillations
Since the CNGS experiments have been designed to search for ν µ → ν τ oscillation in the parameter region indicated by the atmospheric neutrino data, we can take full advantage of them in order to constrain (and, possibly, study) the four-family parameter space.
The number of taus from the ν µ → ν τ oscillation is given by the convolution of the ν µ flux dφ νµ (E)/dE with the ν τ charged-current cross section on lead σ CC ντ (E), weighted by the ν µ → ν τ oscillation probability P µτ (E), times the efficiency ε µτ for the considered detector:
A is a normalization factor which takes into account the target mass and the normalization of the ν µ flux in physical units. Specializing our analysis for the OPERA detector, we have considered an overall efficiency ε µτ ∼ 13%, [45] . This efficiency takes into account that OPERA is able to exploit several decay modes of the final state τ , using both short and long decays.
The dominant sources of background for the ν µ → ν τ signal are charm decays and hadronic reinteractions. Both of them only depend on the total neutrino flux and not on the oscillation probabilities. The OPERA experiment at the CNGS beam has been designed precisely to measure this channel, and thus the corresponding backgrounds are extremely low.
In Tab. 2 we report the expected number of τ events in the OPERA detector, according to eq. (19) , for different values of the angles θ 24 and θ 34 and the expected background. Rates refer to a flux normalized to 4.5 × 10 19 pot/year (the nominal intensity of the CNGS), an active lead target mass of 1.8 Kton and 5 years of data taking.
Notice that, even if the P µτ does not depend on θ 14 , for each choice of the pair (θ 24 , θ 34 ) not all possible values of θ 14 are allowed. Only the subset compatible with the LSND measurement can be considered (this comment is relevant when combining data from ν µ → ν τ oscillation with those from ν µ → ν e ). The three-family mixing angles are: θ 12 = 34
• ; θ 23 = 45
• ; θ 13 = 10
• . The mass differences are: ∆m (all mass differences are taken to be positive). Eventually, phases have been put to zero. For comparison, in the last row we also report the same events in the usual 3-family scenario.
As it can be seen, the expected number of events is relatively large in a significant part of the parameter space. For this reason, the ν µ → ν τ transition is crucial in the study of the parameter space in the 3 + 1 model, as will be clear in the following subsections. 
ν µ → ν e oscillations
The number of electrons from the ν µ → ν e oscillation is given by the convolution of the ν µ flux dφ νµ (E)/dE with the ν e charged-current cross section on lead σ CC νe (E), weighted by the ν µ → ν e oscillation probability P µe (E), times the efficiency ε µe (E) for the OPERA detector, [46] :
A is a normalization factor which takes into account the target mass and the normalization of the ν µ flux in physical units. The overall signal efficiency ε µe is the convolution of the kinematic efficiency ε kin µe (that ranges from 60 to 80 % for neutrino energies between 5 to 20 GeV) and several (nearly factorizable) contributions. Among them, the most relevant are trigger efficiencies, effects due to fiducial volume cuts, vertex and brick finding efficiencies and the electron identification capability. They result in a global constant factor ε f act µe ∼ 0.48. The dominant sources of background to the ν µ → ν e signal are, in order of importance:
• ν e beam contamination; • fake electrons due to π 0 decays from ν µ NC interactions; • CC ν µ events where the muon is lost and a track mimicks an electron;
• electrons produced through τ decay, where the τ comes from dominant ν µ → ν τ oscillations.
In Tab 19 pot/year (the nominal intensity of the CNGS), an active lead target mass of 1.8 Kton and 5 years of data taking. As for Tab. 2, the three-family mixing angles are: θ 12 = 34
Backgrounds have been computed accordingly to Ref. [46] . The number of expected events can be understood following the first of eqs. (5). For fixed θ 24 and θ 34 , the signal strongly increases with θ 14 , thus being much larger than the signal in the three neutrino case for θ 14 = 90
• (see row 3 and 4). On the other hand, the cos 4 θ 34 dependence of P µe plays as a damping factor for increasing θ 34 , thus explaining the mild decrease observed in the signal events for fixed θ 14 . Notice also that the background rates exhibit a very small dependence on θ 14 and θ 34 ; in particular, the background in the last column from the ν e beam contamination depends on θ 14 more than the others, as a consequence of the analytical structure of P ee , see eq. (5). The background rates computed in the standard three neutrino scenario are comparable with those in the 3 + 1 scheme, at least for the parameter choice used in this section.
Notice that, for values of θ 14 below 45
• , the ν µ → ν τ oscillation probability dominates over the ν µ → ν e one, as expected from eq. (18) . In this part of the parameter space, moreover, the electron signal is severely afflicted by the τ → e background. This channel, however, can be extremely useful for large θ 14 .
7 Sensitivity to (3 + 1) sterile neutrinos at OPERA In this section we study the sensitivity to the active-sterile mixing angles θ 14 , θ 24 and θ 34 at the CNGS beam using both the ν µ → ν τ and ν µ → ν e appearance channels at the OPERA detector.
As it has been shown in Sect. 3, the (3+1)-scheme parameter space that can be studied at oscillation experiments contains six angles and three Dirac phases. In the rest of this section, the three-family subspace angles have been fixed to: θ 12 = 34
• and θ 13 = 10
• . Notice that we have conservatively fixed θ 13 to the CHOOZ bound such as to maximize the "three-family-like" ν µ → ν e signal, that acts as an effective background for a true "fourth-family-induced" ν µ → ν e . The CP-violating phases δ 1 and δ 2 have been kept fixed to δ 1 = δ 2 = 0. This is not the case for the third CP-violating phase, δ 3 . This phase is present also in the limit of vanishing θ 13 , see eq. (5) . Two values of δ 3 have been considered throughout this section, δ 3 = 0 or 90
• . Eventually, the mass differences have been fixed to: ∆m In Fig. 7 we show the 3σ sensitivity to θ 14 as a function of θ 34 for four fixed values of θ 24 ,
• and 70
• . For each of these values, the region of the parameter space allowed by atmospheric data and NEV short-baseline experiments and by the positive result at LSND (see Sect. 4) is represented by a thin line. The solid (dashed) thick line is the sensitivity limit to θ 14 at OPERA for δ 3 = 0(90 • ). The sensitivity is defined as the one-parameter 3σ excluded region in case of absence of signal as a function of θ 34 for fixed θ 24 . Both ν µ → ν τ and ν µ → ν e data have been combined.
Notice, first of all, that the LSND results combined with the strong exclusion bound from atmospheric data leaves only a very thin allowed strip in the (θ 14 , θ 34 ) plane. This region gets smaller and smaller when θ 24 increases, such that θ 14 ≥ 20
• for θ 24 ≥ 45
• . This is a consequence of the sin 2 2θ 24 dependence of the leading term in the ν µ → ν e oscillation probability measured at LSND. The sensitivity to θ 14 is smooth in θ 34 and it allows to exclude θ 14 ≥ 40
• for most values of θ 24 . Our results are approximately symmetric around θ 24 = 45
• , for which we have a minimum in the sensitivity, as it can be seen in Fig. 7(c) . For this specific value of θ 24 , however, the sensitivity is maximally dependent on the CP-violating phase δ 3 . We can see, indeed, that for δ 3 = 90
• and θ 24 = 45
• values of θ 14 as small as 20
• can be excluded.
In Fig. 8 we show the 3σ sensitivity to θ 24 as a function of θ 34 for four fixed values of θ 14 , θ 14 = 5
• , 20
• , 45
• . The sensitivity is defined as the one-parameter 3σ excluded region in case of absence of signal as a function of θ 34 for fixed θ 14 . Both ν µ → ν τ and ν µ → ν e data have been combined.
In this plane the allowed region in the parameter space presents itself as a thin strip whose size increases for increasing θ 14 , as greater and greater values of θ 24 are allowed. For very small values of θ 14 , the sensitivity to θ 24 at OPERA is dominated by the ν µ → ν τ channel, whose leading term goes with sin 2 2θ 34 (see eq. (5)). For increasing θ 14 , however, the ν µ → ν e channel becomes relevant, thus improving our sensitivity for θ 34 ∼ 0, 90
• . Sensitivity to θ 24 ≥ 10 • is achieved for θ 14 ≥ 20
In case of a positive result at MiniBooNE, the interest at the CNGS beam should focus not on sensitivity bounds but on the attainable precision in the measurement of the parameters of the active-sterile sector. We show in Figs. 9 and 10 some illustrative examples of the expected performance of the OPERA detector. In particular, in Fig. 9 we present the 3σ contours of a fit to data simulated for two set of input values compatible with the LSND data and the exclusion bounds from atmospheric data and NEV experiments:
• ; δ 3 = 0; top panels; • θ 14 = 20
• , θ 24 = 45
• , θ 34 = 70
• ; δ 3 = 0; bottom panels.
The fit includes data from both ν µ → ν τ and ν µ → ν e oscillations with the corresponding backgrounds and an overall systematic error of 10%. In Fig. 10 we present the 3σ contours for the same input values for the mixing angles, but with a non-vanishing CP-violating phase, δ 3 = 90
• . In each plot, the region of the parameter space allowed by atmospheric data and NEV short-baseline experiments and by the positive result at LSND (see Sect. 4) is represented by a thin line.
It can be seen that a rather good measurement of θ 34 is always achieved. On the other hand, the measurement of θ 14 and θ 24 strongly depends on the input point. For example, for the input set (θ 14 = 45
• ; θ 24 = 20
• ; θ 34 = 70
• ) a good precision on θ 14 both for δ 3 = 0 and 90
• , whereas the precision on θ 24 is not as good. It must also be pointed out the presence of degeneracies in the (θ 24 , θ 34 ) plane in the CP-conserving case. Notice that, although the clone solution appears outside the allowed region (represented by the thin line), a positive result by MiniBooNE and OPERA would certainly modify the shape of the allowed regions (since positive results will increase the statistical significance of the LSND-allowed region with respect to exclusion bounds from atmospheric and short-baseline data). For the input set (θ 14 = 20
• ; θ 24 = 45
• ; θ 34 = 70 • ), on the other hand, only an upper bound onl θ 14 is achieved for both the CP-conserving and the maximally CP-violating cases.
As a general comment, we point out the the CNGS beam has a sensible capability of measuring the parameters of the active-sterile mixing sector, with a precision that depends on the specific values of the mixing angles. 
Conclusions
The results of atmospheric, solar, accelerator and reactor neutrino experiments [2] show that flavour mixing occurs not only in the quark sector, as it has been known for long, but also in the leptonic sector. Experimental data well fit into a three-family scenario. However, the LSND results imply the existence of, at least, a fourth (sterile) neutrino unless one of the evidences for neutrino oscillations is wrong. Therefore, we focus on the so called 3+1 neutrino model and show that recent combined analyses of neutrino oscillation data [13] , including solar, atmospheric, SBL and LSND data, strongly constrain the 3+1 four-neutrino model, leaving a tiny region with ∆m 2 LSN D ≃ 1 eV 2 and sin 2 2θ LSN D ≃ 10 −3 that is still marginally allowed.
The best channel, in a large part of the allowed 3+1 four-neutrino model space parameters, to test the LSND allowed region is the ν µ → ν τ oscillation channel. Therefore, the natural place to benchmark the 3+1 four neutrino model is the CNGS neutrino beam that has been built to search for ν µ → ν τ oscillations in the atmospheric allowed region. We perform our analysis using the OPERA detector as a reference. It can be extended including a detailed simulation of the ICARUS detector.
Following the analysis of Ref. [13] we have determined the allowed regions for all activesterile mixing angles and studied the OPERA capability in excluding them, in case of a negative result, or its capability in measuring them, in case of a positive result. Our conclusion is that, regardless of the θ 34 value, OPERA is able to exclude at 99% C.L. the parameter space with θ 14 > 40
• and θ 24 > 20
• and that the excluded region strongly depends on the δ 3 value.
As far as the capability of the OPERA experiment in measuring the mixing parameters, we have shown that a rather good measurement of θ 34 is always achieved, while the measurement of θ 14 and θ 24 strongly depends on the input parameters. In particular while for some inputs a good accuracy in measuring θ 14 can be achieved, it is never the case for θ 24 . Note that the accuracy in determining θ 14 strongly depends on the CP-violation phase and in general θ 14 will not be measured in the CP conserving case.
